The aim of the study was to obtain normal values for the colour-arrangement test, Roth 28-hue desaturated. In 146 healthy non-smokers colour vision was tested monocularly. The subjects were divided into four age groups: 0 -19, 20 -39, 40 -59, and 60-79 years. The overall error score for all groups was 54 9 24 (median 9 mean absolute deviation). The values for the 20-39 year group were significantly lower than those for the other groups (Kruskal-Wallis: P B 0.0001 with subsequent multiple Mann-Whitney test). An increasing predominance of errors along the blue-yellow-axis was observed with increasing age. The error scores of normal subjects tested by the Roth 28-hue desaturated were comparable with those on the well-known Farnsworth-Munsell 100-hue (FM-100). Because the Roth 28-hue desaturated is shorter and simpler to administer, it is an alternative to the FM-100 in situations that need to assess colour discrimination and error axis quantitatively and quickly.
Introduction
For numerous reasons quantitative colour-vision testing has not become a part of routine ophthalmological examinations. First of all, it is difficult to obtain reliable results in a reasonable time. For example, the Farnsworth-Munsell 100-hue (FM-100) is too complicated and time-consuming for both patient and ophthalmologist. On the other hand, screening tests, such as the Ishihara pseudoisochromatic plates, are quick and simple to use, but they are limited and colour discrimination ability cannot be quantitatively evaluated. Other tests, such as the Farnsworth D 15, are not exact enough because the chromaticity steps are too large and a reliable error score cannot be calculated. On the other hand, desaturated versions such as the Panel D 15 desaturated (Lanthony, Adams) are much more sensitive. Recently, computer-aided colour tests have been developed, but these are compromises limited by the characteristics of the phosphors and they are expensive.
Nevertheless, testing of colour vision can contribute considerably in monitoring drug therapy or in detecting early visual disturbances related to e.g. systemic diseases. Thus, colour-vision testing should be performed more frequently in clinical routine.
Therefore we evaluated the cap-sorting test, Roth 28-hue desaturated, to determine its practical use and the variation of error scores over age in a normal population.
Methods

Patients
One hundred and forty six subjects (F:58; M:88) underwent an ophthalmological examination at the University Eye Hospital Tü bingen between 1993 and 1996, after giving informed consent. Inclusion criteria were: no systemic diseases, such as hypotension, arterial hypertension, vasospastic syndromes (e.g. migraine or Raynaud's syndrome), diabetes mellitus, coronary heart disease or stroke, no medications (e.g. anticonceptiva), no smoking, no alcohol abuse, and no history of ophthalmological surgery (e.g. cataract extraction) or ophthalmological diseases.
The ophthalmological examination consisted of a slit-lamp examination, test of visual acuity and refraction and, after colour-vision testing, measurement of the intraocular pressure with Goldmann applanation tonometry. Best-corrected visual acuity had to be at least 0.8 (20/25) , and the intraocular pressure had to be within normal limits (right eye: 15 9 2 mmHg, left eye: 149 2 mmHg). Only subjects who could read Ishihara plates without any errors, were included.
Colour test
The cap-sorting test, Roth 28-hue (Luneau, Paris), first described by Roth [1, 2] , also exists as a desaturated version with Munsell colours of value 8 and chroma 2. The test uses the equivalent of every third colour cap from the FM-100 as a desaturated probe. The subject is required to arrange 27 of the caps in a circular sequence with respect to a fixed reference cap. The background used was black cardboard, illuminated by two Osram fluorescent lamps (color rendering index: 93; colour temperature: 6000 K), placed 1 m above the test table and providing 4800 lux at the test table. When necessary, the subject s visual acuity was corrected for near vision. Gloves were used to protect the surface of the colour caps. Each subject was tested right eye first, followed by the left eye. After an explanation of the test all colour caps were removed and mixed. There was no time limit for the test, and the subject was allowed to make corrections.
The results are shown on diagrams, which also depict the direction of axes corresponding to several types of colour-vision defects. These axes were calculated by Roth for the 28-hue test from experiments carried out by Verriest [3] with the FM-100 [4] . 
Calculation of error scores
All data were sorted into four age groups: B 20, 20-39, 40-59, and 60-79 years. The Roth 28-hue desaturated is a subset of the FM-100. Therefore, the colour caps of this test are numbered with every third number from 1 to 82. Cap number 82 is fixed and defined as the starting and end point. Calculation of global error score was described by Erb et al. [5] , error scores for the red-green (R-G) and the blue-yellow (B-Y) axes were calculated as described by Trick et al. [6] . The distribution of error scores ( Fig. 1) was not Gaussian. Therefore, we used non-parametric tests for analytical statistics.
Results
The median error score with mean absolute deviation was 549 24 (Table 1) . Of the age groups, the age group 20-39 years had a significantly lower mean error score (Kruskal-Wallis: PB 0.0001, followed by multiple Mann-Whitney rank test, Table 2 ) than did the other age groups. Between the right and the left eyes, a small increase in the error score was detected, but this was 
normal values has been previously done, with the exception of our own preliminary results [5] . We prefer this test to the standard colour test for clinical use, the FM-100, owing to the several disadvantages of the latter [12] .
Additionally, colour-vision examination with the anomaloscope is difficult in screening situations; e.g. Pinckers [13] stated that in about 35% of his patients a reliable anomaloscope examination was not possible. Furthermore, 2°visual-field tests, such as the cap-sorting tests, seem to be more sensitive to age-dependent B-Y disturbances than are colour plate tests with a visual field of 8° [14] .
Our test-set up corresponds with that of other studies of the FM-100. For example, black cardboard was used [15, 16] , and we examined monocularly because it is often important to separately monitor the progression of colour-vision deficits in each eye. Like others [15] [16] [17] , we always tested the subject's right eye first. Sequential monocular testing allowed a statistical comparison of the two eyes, giving an indication of the effect of learning on the test scores. In contrast to results by the FM-100 [15, 17] , we could not find a decrease in the error score of the left eye compared with that of the right eye. This suggests that there was no 'intra-test' learning by the Roth 28-hue desaturated.
For statistical analysis we did not use the square-root transformation of the raw scores, as proposed by Kinnear [18] because, in accordance with Lakowski [19] , we found no advantage in this transformation. The equal distribution at both ends of the error scale produced by square-root transformation was not useful in clinical situations where we are particularly interested in those with large error scores. The non-Gaussian distribution of the raw error scores could be handled well with non-parametric tests. With the calculation of the raw scores we increase the power of the statistical results.
The overall error sum of the total population of 61.4 with a S.D. of 34.3 was very similar to those with the FM-100 ( [3] : 62.19 32.6, [20] : 66.4 9 42.9). The similarity between males and females is also like the results of previous studies (e.g. see Ref. [17] ).
We examined only subjects who had no ocular and, above all, no systemic diseases, nor any medications or alcohol abuse, which could be responsible for acquired colour-vision deficiencies [21] [22] [23] [24] . Additionally, they had a visual acuity ] 0.8 (20/25) . These strict exclusion criteria were used to obtain uninfluenced normal error scores so that small changes in acquired colour-vision deficiencies can be detected. This is in agreement with Stone et al. [15] , who mentioned that the sensitivity of any clinical test is maximized when a score from an abnormal individual has the greatest difference from not statistically significant (Wilcoxon signed-rank test: PB 0.15). There was a slight difference in the mean age of males (28912) and females (35914), which may account for a slightly higher median error score for the females (m = 54 9 24, f=60 921). Within each individual age group, there was no significant difference (Mann-Whitney). We found a slightly increased dominance of error score in the B-Y axis compared with that of the R-G axis in older subjects (Fig. 2) .
Discussion
The intention of this study was to obtain normal values for the colour-arrangement test, Roth 28-hue desaturated, for different age groups. Although clinical use of the saturated version has been evaluated in only a few studies [7] [8] [9] , a method for calculating a colour deficiency score has been presented [4, 10] . Despite this improvement, the saturated version of this test has not been used extensively, and, therefore, clinical experience is limited [11] . The authors' own experience was that scores in the normative data set. On the other hand, these criteria were the reason for the low number of subjects in the group 60 -79 years. Therefore, only tentative error score values were available for this age group. Additionally, we cannot guarantee our subjects to be absolutely healthy, despite our exclusion criteria.
We used a high level (4800 lux) of illumination. Our concern was that desaturated colours are difficult to differentiate, and therefore the Roth 28-hue desaturated would become too sensitive to unrelated visual disturbances, such as in beginning cataract. On the other hand, this high illuminance could result in the test becoming too unspecific. To test our conditions, we made studies with patients with a sudden hearing loss [25] . In this examination, we were able to detect slight changes in colour vision. Nevertheless, we intend to evaluate the most appropriate illuminance level for this test in further studies.
Interestingly, the age group 20 -39 years had the lowest average error score, and this is in accordance with the literature on the FM-100 [3,15 -17,26] . Several explanations are possible: subjects below 20 years of age often have concentration difficulties in performing the FM-100 [27] . Elderly subjects are handicapped by a loss of ocular transparency [28] , particularly at short wavelengths [29] . Changes in the macula, such as increased deposits of lipofuscin, and alterations of the retinal pigment epithelium can alter colour vision in a similar manner. Additionally, the elderly often have only a short attention span. The Roth 28-hue desaturated reflects these wavelength-specific changes in an increasing dominance of error scores in the B-Y axis. This is in agreement with the results of the FM-100 [30] . Therefore, we must now qualify concerning our initial observation in a preliminary study [5] that the error score has a tendency to be relatively stable with regard to age. This initial observation was based on only a small number of subjects over 40 years of age, and the tendency of progression with age is now clear.
As a reliable, sensitive, and quick colour-arrangement test, we can recommend the Roth 28-hue desaturated for practical applications. The main advantage is that with regard to age and to the B-Y axis it behaves similar to the FM-100, but with much less time and expense.
